Objective: GH deficiency (GHD) in adults is associated with an altered serum lipid profile that responds to GH replacement therapy (GHRT). This study evaluated the influence of polymorphisms in genes related to lipid metabolism on serum lipid profile before and after 1 year of GHRT in adults. Design and methods: In 318 GHD patients, total cholesterol (TC) serum concentrations, LDL-C, HDL-C, and triglycerides (TG) were assessed. Using a candidate gene approach, 20 single nucleotide polymorphisms (SNPs) were genotyped. GH dose was individually titrated to obtain normal serum IGF1 concentrations. Results: At baseline, the minor alleles of cholesteryl ester transfer protein (CETP) gene SNPs rs708272 and rs1800775 were associated with higher serum TC and apolipoprotein E (APOE) gene SNP rs7412 with lower TC concentrations; CETP SNPs rs708272, rs1800775, and rs3764261 and apolipoprotein B (APOB) gene SNP rs693 with higher serum HDL-C; APOE SNP rs7412, peroxisome proliferatoractivated receptor gamma (PPARG) gene SNP rs10865710 with lower LDL-C, and CETP SNP rs1800775 with higher LDL-C; and APOE/C1/C4/C2 cluster SNP rs35136575 with lower serum TG. After treatment, APOB SNP rs676210 GG genotype was associated with larger reductions in TC and LDL-C and PPARG SNP rs10865710 CC genotype with greater TC reduction. All associations remained significant when adjusted for age, sex, and BMI. Conclusions: In GHD adults, multiple SNPs in genes related to lipid metabolism contributed to individual differences in baseline serum lipid profile. The GH treatment response in TC and LDL-C was influenced by polymorphisms in the APOB and PPARG genes.
Introduction
GH has several important effects on lipid metabolism. GH increases the number and activity of hepatic lowdensity lipoprotein (LDL) receptors, which enables LDL catabolism and enhances the activity of cholesterol 7a-hydroxylase, the rate-limiting enzyme in bile acid synthesis (1) . Moreover, GH enhances lipoprotein turnover by inducing lipolysis and plasma-free fatty acid availability and increasing very low-density lipoprotein (VLDL) output from the liver (2) .
GH deficiency (GHD) in adults is characterized by an atherogenic lipid profile with increased total cholesterol (TC) and LDL-C, increased apolipoprotein B (APOB) and, in some reports, increased triglycerides (TG), and reduced HDL-C concentrations (2) . GH replacement therapy (GHRT) in GHD adults has been associated with reduced TC and LDL-C. However, as observed with other end points of GHRT, there is considerable individual variability in the treatment response (3) . A meta-analysis of placebo-controlled Gender, age, BMI, GH dose, and the estrogen replacement route in women have been linked with the response to GHRT (7, 8, 9) , but these clinical factors have limited power for predicting the variability in GH-mediated effects (3) . More recently, the impact of the GH receptor (GHR) gene polymorphism on GH response was evaluated, with data for both children and adults showing either little (10, 11, 12) or no influence (13, 14) on the GHR genotype. Dullaart et al. (15) have reported on an association of the HDL-C response to GHRT with single nucleotide polymorphism (SNP) rs1800775 in the cholesteryl ester transfer protein (CETP) gene, which was modified by concomitant glucocorticoid administration. However, it remains unknown whether additional SNPs in genes related to lipid metabolism contribute to variations in the lipid profile of GHD adults as well as to their changes after GHRT. Therefore, our aim was to evaluate whether gene polymorphisms previously shown to influence serum lipid concentrations in other populations (16, 17, 18, 19, 20, 21, 22, 23) could have an impact on the lipid profile of GHD adults and influence changes in serum lipid concentrations in response to GHRT.
Materials and methods

Patients
The patients enrolled in this study are part of a larger longitudinal cohort of adults with hypopituitarism and GHD (nZ457) treated at the Sahlgrenska University Hospital, Gothenburg, Sweden. From this cohort, we excluded patients who refused genetic testing (nZ51), with missing data during their 12 months of GHRT (nZ50), enrolled in another study (nZ25) and with compliance problems (nZ13). Therefore, a total of 318 GHD adults (184 men) with a mean age of 49.7 (range year, who were eligible for GHRT, were selected for our protocol. The clinical characteristics of the patients are shown in Table 1 . The diagnosis of GHD was confirmed by a GH stimulation test (77.7% insulin tolerance test, 6.6% GHRH-arginine, 2.5% GHRHpyridostigmine, and 0.6% glucagon) or a low serum IGF1 concentration together with three or more pituitary hormone deficiencies (12.6%) (24) . Two hundred and eighty-seven patients had adult-onset GHD (AO-GHD) and 31 cases were childhood-onset GHD (CO-GHD). None of the AO-GHD patients had previously received GH treatment. CO-GHD had previously received GH therapy but it had been terminated at least 4 years before they were retested before GHRT in adulthood. Patients with previous treatment for Cushing's disease (20) and acromegaly (12) were in remission before entering the study and fulfilled international diagnostic criteria for GHD (24) . Overall, nonfunctioning pituitary adenoma was the most frequent etiology of GHD (40.6%). When required, patients received adequate and stable replacement therapy with glucocorticoids, thyroid hormone, sex steroids, and desmopressin for at least 6 months before starting GHRT. Fifty percent required a mean hydrocortisone dose of 19.9G7.2 mg/day and 74% required a mean levothyroxine dose of 108G40 mg/day. Of 134 women, 60 received oral (nZ45) or transdermal (nZ15) estrogen therapy, while all hypogonadal (138 out of 184) men received testosterone by an i.m. (nZ114) or transdermal (nZ24) route. Twenty-eight 
Study design
Patients were prospectively enrolled in an open-label treatment protocol. After initial measurements were obtained, all patients received recombinant human GH, administered s.c. every evening, with an initial meanGS.D. dose of 0.23G0.23 mg/day, which was titrated after 1 and 4 weeks of GHRT and every 3 months subsequently to maintain age-and sex-adjusted serum IGF1 levels between the mean and the upper limit of the normal reference range. Written informed consent was obtained from all patients. The study was approved by the ethics committee at the University of Gothenburg, Sweden, and performed in accordance with the Declaration of Helsinki.
Biochemical assays
Serum IGF1 levels were determined in serum samples collected after an overnight fast, using a hydrochloric acid-ethanol extraction RIA with authentic serum IGF1 for labeling (Nichols Institute Diagnostics, San Juan Capistrano, CA, USA). After June 2004, the levels were determined using an automated chemiluminescent immunoassay (Advantage) from Nichols. From September 2006, serum IGF1 was determined using an automated chemiluminescent assay system (IMMULITE 2500, Diagnostic Products Corp., Los Angeles, CA, USA). All assays had a detection limit %20 mg/l and an interassay CV %8.6%. The individual serum IGF1 levels were transformed into SDS according to age-and sexadjusted reference values (25, 26) .
TC and TG concentrations were determined using enzymatic methods (Roche Molecular Biochemicals) and expressed as mmol/l. The interassay CV for TC and TG determinations were 2.9 and 3.8% respectively, and intra-assay CV were 0.9 and 1.1% respectively. HDL-C levels were determined after the precipitation of APOBcontaining lipoproteins with MgCl 2 and heparin (27) . LDL-C was calculated using Friedewald's formula adjusted to SI units (28) .
Anthropometric parameters
Body weight, body height (BH), and BMI were determined as previously reported (3) . Waist circumference was measured in the standing position with a flexible plastic tape placed midway between the lower rib margin and the iliac crest; hip girth was measured at the widest part of the hip. Systolic and diastolic blood pressures were measured after at least 5 min of supine rest using the sphygmomanometric cuff method.
Selection of candidate genes and SNPs
The selection of candidate genes was based on their physiological function in lipid metabolism and cardiovascular health according to previous publications. Further selection of candidate SNPs in the genes was also based on earlier reports on functionality and/or associations with clinical end points. Due to the limited size of our cohort, SNPs with an allele frequency below 10% in the HapMap-CEU Panel (when data were available in the Entrez SNP database) were not included.
The following genes and SNPs were included: APOB gene (APOB: SNPs rs676210, rs1042031, rs679899, rs562338, and rs693) (16); LDL receptor (LDLR: rs1433099 and rs2738466) (17); lipoprotein lipase (LPL: rs1801177, rs12678919, and rs6993414) (17, 18) ; CETP gene (CETP: K629COA (rs1800775), TaqIB polymorphism (rs708272), and rs3764261) (15, 17, 19) ; apolipoprotein E (APOE gene: SNPS rs429358 and rs7412, which together define the APOE 32, APOE 33, and APOE 34) (20); APOE/C1/C4/C2 gene cluster (APOE/C1/C4/C2: rs35136575 and rs4420638) (21); peroxisome proliferator-activated receptor gamma (PPARG: rs10865710) (22); proprotein convertase subtilisin kexin type 9 (PCSK9: rs11206510) (17); and nuclear receptor subfamily 3, group C, member 2 (NR3C2: rs5522) (23).
Genetic analyses
Genomic DNA was isolated from whole blood using the Flexigene DNA kit (Qiagen). SNP rs429358 in the APOE gene was genotyped using TaqMan SNP genotyping and the remaining SNPs with the Sequenom platform.
In the TaqMan SNP genotyping, 10 ng genomic DNA was added to a reaction mix containing 1! TaqMan Genotyping PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and rs429358-specific genotyping assay purchased from Applied Biosystems (C__3084793_20). All reactions were carried out in 5 ml reactions on 384well plates (Applied Biosystems). PCR amplification was performed using a 384 dual GeneAMP PCR system 9700 instrument (Applied Biosystems), and allele detection was carried out in an ABI Prism 7900HT Sequence Detection System instrument (Applied Biosystems).
The Sequenom genotyping was performed at the Mutation Analysis facility at Karolinska University Hospital using matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (Sequenom, Inc., San Diego, CA, USA). iPLEX assays were designed using SpectroDESIGNER software (Sequenom, Inc.). Amplification was performed in a total volume of 5 ml containing 10 ng genomic DNA, 100 nM of each amplification primer, 500 mM dNTP mix, 1.625 mM MgCl 2 , and 0.5 units of HotStarTaq DNA Polymerase (Qiagen, Inc.). The reaction was subjected to the following PCR conditions: a single cycle of denaturation at 95 8C for 15 min, followed by 45 cycles at 94 8C for 20 s, 56 8C for 30 s, 72 8C for 60 s, and a final extension at 72 8C for 3 min. The allele-specific extension was performed in a total volume of 9 ml using 5 pmol of extension primer and the Mass EXTEND Reagent Kit and cleaned using SpectroCleaner (Sequenom, Inc.). Primer sequences are given in Supplementary Table 1 , see section on supplementary data given at the end of this article. Products from primer extension reactions were loaded on a 384-element chip nanoliter pipetting system (Sequenom, Inc.) and analyzed on a MassARRAY Compact mass spectrometer (Sequenom, Inc.). The genotype calls were manually checked by two individuals separately using the SpectroTYPER RT 4.0.5 software (Sequenom, Inc.). The genotyping was validated using a set of 14 trio families, totaling 42 individuals, with genotype data available through the HapMap consortium (HapMap data release 24/phase II).
Statistical analysis
Statistical analysis was performed using SPSS for Windows, version 17.0 (SPSS, Inc., Chicago, IL, USA). Paired-samples Student's t-tests were used to compare values at baseline and after 1 year of GHRT. Based on genotype, patients were divided into two groups: i) patients with two major alleles; and ii) patients carrying at least one minor allele. Genetic association of individual SNPs to the lipid concentrations as well as to their 1-year changes was analyzed with a two-sample t-test and ANCOVA, adjusting for significant covariates among sex, age, and baseline BMI. While the lipids are slightly right skewed and therefore usually log transformed, this transformation was not done as the ANCOVA had a better fit with untransformed data, and the interpretation is more straightforward. For APOE gene, we also inferred the haplotypes 32, 33, and 34 from the haplotypes defined by rs429358 and rs7412 in that order, where 32ZT-T, 33ZC-T, and 34ZC-C, followed by haplotype regression, adjusting for covariates. P!0.05 was assumed to represent a significant difference. Correction for multiple testing was done by permutation for the 88 tests related to changes in lipid concentrations.
Results
Genotyping
All genotyping assays had a success rate O94.9%. Additionally, after the Sequenom run, regenotyping of 27% of the study samples resulted in 99.9% concordance. No Mendelian errors were found in the 14 HapMap families and concordance analyses with the HapMap data showed concordance rates of 100% for all analyzed SNPs available in HapMap, except for SNPs rs1800775 in the CETP gene (90% concordance) and rs12678919 in the LPL gene (95% concordance); the HapMap data from these two SNPs gave rise to Mendelian errors. No genotype data were available for the following SNPs: CETP SNP rs708272, LPL SNP rs1801177, APOE SNP rs7412, and APOE/C1/C4/C2 SNP rs35136575 from the HapMap consortium. Minor allele frequencies (MAF), genotype distributions, and concordance with Hardy-Weinberg equilibrium (HWE) of the 20 SNPs are shown in Table 2 . All SNPs conformed to HWE (PO0.05), except for APOB SNP rs562338. As this deviation was mild (PZ0.01) and the observed MAF (0.147) was similar to that reported in the Entrez SNP database (0.221) from the HapMap-CEU panel, this SNP was maintained in the analysis.
Effects of GH replacement on lipid profile
The median daily GH dose after 1 year of therapy was 0.40 (range 0.1-1.5) mg. Serum concentrations of IGF1, HDL-C, and glucose increased; TC and LDL-C concentrations decreased; and TG did not change with GHRT (Table 3 ). There was a reduction in waist circumference and waist/hip ratio, but no changes in blood pressure, weight, and BMI. Table 4 summarizes the SNPs significantly associated with serum lipid concentrations at baseline. All associations between SNPs and baseline lipid concentrations remained significant when adjusted for significant covariates and the use of glucocorticoid and levothyroxine replacement. Additional analyses excluding patients with lipid-lowering drugs (nZ28) and patients with previous Cushing's disease (nZ20) and acromegaly (nZ12) did not alter these results.
Genotype and baseline lipid profile
The A allele of CETP SNP rs708272 was associated with higher serum TC (PZ0.006) and HDL-C concentrations (PZ0.005); the A allele of CETP SNP rs1800775 with higher serum TC (PZ0.005), HDL-C (PZ0.01), and LDL-C concentrations (PZ0.03); and the T allele of CETP SNP rs3764261 with higher serum HDL-C concentrations (PZ0.0004).
There was a significant association between the T allele of APOB SNP rs693 and higher serum HDL-C concentrations (PZ0.02). However, the T allele of APOE SNP rs7412 was associated with lower TC (PZ0.0002) and LDL-C concentrations (PZ0.0002) and the G allele of APOE/C1/C4/C2 SNP rs35136575 was associated with lower TG concentrations (PZ0.007). We also found an association between the G allele PPARG SNP rs10865710 and lower LDL-C concentrations (PZ0.02). Table 5 and Figure 1 summarize the data on SNPs with a statistically significant association with changes in plasma lipid concentrations in response to GHRT. All associations remained significant when adjusted for age, sex, and BMI and the use of glucocorticoid and levothyroxine replacement. Additional analyses excluding patients with lipid-lowering drugs (nZ28) and patients with previous Cushing's disease (nZ20) and acromegaly (nZ12) did not alter these results.
Genotype and GH-induced changes in serum lipid concentrations
After GHRT, APOB SNP rs676210 was associated with larger reductions in TC (PZ0.004) and LDL-C concentrations (PZ0.024) in homozygous G allele carriers. Furthermore, PPARG SNP rs10865710 was associated with greater reduction in TC concentration (PZ0.01) in homozygous C allele carriers. However, these associations were not significant when corrected for multiple testing.
Together, SNPs rs676210 in the APOB gene and rs108657710 in the PPARG gene explained 5% of the variance in the TC concentrations after 1 year of GHRT.
Discussion
In this study, we found that polymorphisms in genes regulating lipid metabolism, such as CETP, APOE, APOB, APOE/C1/C4/C2 cluster, and PPARG, have an influence on serum lipid concentrations in patients with untreated GHD and that the APOB and PPARG genes could, to some extent, predict the changes in TC and LDL-C seen during GHRT. GHRT induced a decrease in TC and LDL-C and an increase in HDL-C concentrations, with no changes in TG. These findings are in agreement with most previous studies (4, 29, 30, 31) . There are, however, other reports that have not observed changes in serum lipids in response to GH, suggesting wide-ranging variability in treatment response (32) . Common genetic variants in genes involved in the regulation of lipid metabolism might influence the lipid response to GHRT, as suggested in two previous studies (15, 29) . Therefore, we conducted this study using the candidate gene approach by selecting 20 SNPs in genes well known for their association with serum lipid concentrations in other populations (16, 17, 18, 19, 20, 21, 22, 23) and genes related to risk of coronary heart disease (17, 19, 20) and investigated their contribution to the lipid profile and lipid response to GHRT in GHD adults.
Heritability may explain 35-60% of variability in the plasma lipids, suggesting that genetic factors greatly influence the regulation of plasma lipids (33) . Most of the polymorphisms that we studied had a MAF R10% and genotypic call rate R94.9%, with no deviation from the HWE. Only two polymorphisms, rs1801177 in LPL and rs7412 in APOE, with a MAF !10% were included in our analyses because of their clinical importance, as the former has been linked to higher remnant lipoproteins and lower a-2 HDL-C particle levels (18) and the latter has been associated with most of the variance in serum LDL-C concentrations (34) . However, using polymorphisms with MAFs !10% has less statistical power ( Table 2) .
Twin studies have suggested that w50-60% of the variation in APOB plasma levels is genetically determined (35) . APOB is critical to the synthesis, transport, and catabolism of TG-rich and cholesterol-rich Table 4 SNPs found to be associated with lipid concentrations at baseline in GHD adult carriers of two major alleles (MM) vs carriers of at least one minor allele (Mm and mm). Lipid concentrations are presented as meanGS.D.
SNPs
Study lipoproteins in the intestine and liver. This study is the first to examine the role of APOB polymorphisms in response to GHRT. GH has direct effects on the production and secretion of APOB-containing lipoproteins (VLDL, intermediate-density lipoprotein, and LDL) from the liver (2) . GH increases the removal of circulating VLDL particles due to upregulating hepatic LDLRs and modifying the VLDL composition. It is therefore possible that polymorphisms within the APOB locus might contribute to variations in TC and LDL-C with GHRT. We indeed found the greatest reductions in TC and LDL-C concentrations in homozygous G carriers of SNP rs676210 in the APOB gene. It is not known how this polymorphism influences TC and LDL-C responses to GH, but one possible explanation is that it promotes structural changes in APOB, affecting the conversion of VLDL to LDL (36, 37, 38) . This could result in a reduction in the number of VLDL particles, or it might affect VLDL surface properties, or both. Another explanation is that this polymorphism accelerates LDL clearance by the LDLR (16) in patients with this genotype. The PPARG gene regulates adipocyte differentiation and function and influences lipid metabolism by its activation through the STAT5B pathway. An in vitro study (22) demonstrated that the GH/STAT5B pathway could activate the promoter of the PPARG3 variant in 3T3-L1 cells and that PPARG SNP rs10865710 prevented this activation by abolishing the binding of STAT5B to this promoter. In a population-based study, the G allele of PPARG SNP rs10865710 was associated with increased BH and plasma LDL-C concentrations (22) . However, we found that GHD G allele carriers had lower levels of LDL-C in relation to homozygous C carriers. We also found that G allele carriers were less sensitive to GH in terms of reduced TC. These data further support interaction between the GH-IGF1 axis and the PPARG gene, both in the state of GHD and during GHRT.
The CETP gene, encoding CETP, enables the transfer of cholesteryl ester in plasma from HDL toward TG-rich lipoproteins (15) . Genetic CETP deficiency is associated with very high HDL-C levels. CETP SNP rs1800775 has been shown to regulate CETP transcriptional activity in vitro (39) . The SNPs rs708272 and rs1800775 in CETP are closely linked and they have been associated with increased HDL-C and decreased TG concentrations, but with negligible impact on LDL-C and APOB (40) . CETP SNP rs3764261 also exhibited significant associations with HDL-C (41) and LDL-C (42) . In our cohort of GHD adults, A allele carriers of SNPs rs708272 and rs1800775 and T allele carriers of SNP rs3764261 in the CETP gene showed higher serum HDL-C concentrations, in agreement with studies in other populations (18, 19, 41, 42) . Furthermore, the A alleles of CETP SNPs rs708272 and rs1800775 were related to higher TC, and the rs1800775 was also associated with increased LDL-C concentration. However, these Predicting lipid response to GH in GHD adults 359 EUROPEAN JOURNAL OF ENDOCRINOLOGY (2012) 167 www.eje-online.org associations have not been reported in other studies. A previous study found an association between CETP SNP rs1800775 and HDL-C response to GH treatment only in glucocorticoid-treated GHD patients (15) , but we were unable to replicate these results in our study.
APOB SNP rs693 has been associated with increased LDL-C, TC, and APOB levels in the general population (16) . Although these associations could not be found in our group of GHD adults, T allele carriers of this polymorphism showed higher serum HDL-C concentrations at baseline. This has not been reported in other populations and may therefore indicate an influence of the underlying disease and/or its treatment on the impact of this genotype on lipid metabolism.
The APOE gene is composed of three alleles (32, 33, and 34) responsible for the synthesis of APOE (20) . The APOE protein affects the metabolism of TC and TG by binding to receptors in the liver, mediating the clearance of chylomicron remnants and VLDL from the circulation. Two polymorphisms (rs7412 and rs429358) collectively form the 32, 33, and 34 alleles of the APOE gene. Allelic variation in the APOE has consistently been associated with plasma concentrations of TC, LDL-C, and APOB (20) . We observed that GHD adults carrying the T allele of APOE SNP rs7412 have lower TC and LDL-C levels at baseline, which is in agreement with a previous study (34) .
On the basis of sequence alignment with the APOE/C1/C4/C2 gene cluster regulatory regions (21) , SNP rs35136575 is located in the hepatic control region 2 (HCR2) that regulates hepatic expression and transcription of all four apolipoprotein genes in the cluster, w27 kb downstream of the APOE gene. The HCR2 contains protein-binding sequences. SNP rs35136575 could influence HCR2 enhancer function by altering key sequence elements in this region. Our results agree with a previous study demonstrating an association between plasma TG concentrations and APOE/C1/C4/C2 SNP rs35136575 (21) . In our GHD patients, homozygous carriers of C allele had higher serum TG concentrations at baseline than G allele carriers.
This exploratory study has its limitations. The candidate gene approach selects genes based on those already well known for their associations with serum lipid concentration in other populations and does not exclude the possibility that other genes may be of greater importance. On the other hand, the design allows a targeted statistical approach, i.e. hypothesis generated. This suggests the importance of the polymorphisms in APOB and PPARG genes for the TC response to GHRT, although their statistical significance was lost after corrections for multiple testing (permutation analysis). These data therefore need to be confirmed by replication studies in an independent cohort. Although this is the largest study of its kind, the experience of other patient populations suggests that larger studies are needed for genotype-phenotype associations.
To conclude, this study is the first to look into how far multiple common variants in genes related to lipid metabolism contribute to individual differences in serum lipids of GHD adults and response to GH. Of the 20 SNPs investigated in this target gene approach, seven were found to have an influence on serum lipid concentrations in untreated GHD adults. After 1 year of GH replacement, two of these SNPs (APOB rs 676210 and PPARG rs10865710) were found to influence the treatment response in TC and LDL-C, although this finding did not remain significant after correction for multiple testing. Our findings may not be useful in clinical management but may turn out to have a biological importance regarding the influence of GH and IGF1 on the function of these genes and in the development of prediction models for response to GHRT.
